Human exonuclease 1 (hEXO1) is an important nuclease involved in mismatch repair system that contributes to maintain genomic stability and modulate DNA recombination. This study is aimed to explore the associations between singlenucleotide polymorphisms (SNPs) of hEXO1 and the hereditary susceptibility of hepatocellular carcinoma (HCC). SNPs rs1047840, rs1776148, rs3754093, rs4149867, rs4149963, and rs1776181 of hEXO1 were examined from a hospital-based casecontrol study including 1,196 cases (HCC patients) and 1,199 controls (non-HCC patients) in Guangxi, China. We found the rs3754093 AG genotype decreased the risk of HCC (OR=0.714, 95% CI: 0.539~0.946). According to the results of stratification analysis, rs3754093 mutant genotype AG/GG decreased the risk of HCC with some HCC protective factors such as non-smoking, non-alcohol consumption and non-HCC family history, but also decreased the risk of HCC with HBV infection. Moreover, it was correlated to non-tumor metastasis and increased the survival of HCC patients. The results from gene-environment interaction assay indicated all hEXO1 SNPs interacted with smoking, alcohol consumption, HBV infection in pathogenesis of HCC. However, gene-gene interaction assay suggested the interaction between rs3754093 and other 5 SNPs were associated with reducing the HCC risk. These results suggest rs3754093 exhibits a protective activity to decrease the incidence risk of HCC in Guangxi, China. In addition, all SNPs in this study interacted with environment risk factors in pathogenesis of HCC.
INTRODUCTION
Hepatocellular carcinoma (HCC) is a very common digestive system carcinoma which is the fifth most prevalent cancer and the third most frequent cause of cancer mortality globally [1] . Each year there are approximately 630,000 new cases of HCC in the world and more than half of the new cases occur in China [2] . It is noticed that the Southern Guangxi has one of the highest occurrence of liver cancer in China [3] . Epidemiological studies suggest that the etiology of HCC is a complicated disease caused by a multi-stage process involving multiple genetic or environmental factors including alcohol consumption, tobacco use, hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, as well as HCC-family history [4] [5] [6] [7] . However, only a minority of people with established risk factors eventually develop HCC, suggesting that other environmental and/ or genetic factors may play a role in HCC development. In genomic levels, dysfunctions of some oncogenes and tumor suppressor genes induced the progressive growth of malignant cells, and caused HCC.
DNA mismatch repair (MMR) is a component of the DNA repair mechanism, which plays a key role in maintaining genomic stability, preventing gene mutation, the process of DNA replication, and modulates DNA recombination and mediates cell cycle arrest [8] . Human Research Paper www.impactjournals.com/oncotarget exonuclease 1 (hEXO1) which located at chromosome 1q42-q43, contains one untranslated exon followed by 13 coding exons and encodes an 846 amino acid protein [9] [10] [11] . EXO1 is an important member of DNA MMR system which has been well documented to implicate in DNA replication, DNA repair, DNA restructuring, and maintain the stability of telomeres [12] . EXO1 can interact physically with the MMR proteins MSH2 and MLH1 in yeast and human cells, and with MSH3 in human cells [9, [13] [14] [15] [16] [17] . Wei indicated that mammalian EXO1 is responsible for mutation prevention and mice EXO1 inactivation reduced survival time and increased risk of lymphoma [18] . In addition, some studies have indicated SNPs of hEXO1 were associated with various cancers including lung cancer, colorectal cancer, gastric cancer, breast cancer, oral cancer, and other tumors [10, [19] [20] [21] [22] [23] [24] [25] . A number of studies have reported a SNP of the hEXO1 gene, K589E (rs1047840), is associated with human lung cancer, breast cancer, oral cancer and gastric cancer risk in Chinese Taiwan population [24, [26] [27] [28] . Jin [29] and Luo [30] reported the hEXO1 K589E was associated with human lung cancer and cervical cancer susceptibility in Chinese Mainland population. The hEXO1 K589E polymorphism may be a genetic susceptibility factor of HCC in the Turkish population [31] , and increase the risk of colorectal cancer in the Polish population [32] .
However, the association between SNPs of hEXO1 and hereditary susceptibility of HCC has not been investigated in China. In this study, we conducted a screening on hEXO1 from NIEHS database to seek candidate SNPs in Chinese population. Minor allele frequency (MAF) of six SNPs (rs1047840, rs1776148, rs3754093, rs4149867, rs4149963, and rs1776181) was greater than 0.05 in Chinese population and had potential functions. Therefore, these 6 SNPs were selected to investigate their frequency distributions and associations with HCC in Guangxi, China. We expect the study will provide scientific basis for prevention and treatment of HCC.
RESULTS

Demographic information of HCC patients and controls
The demographic information of this study is presented in Table 1 . There were no statistical differences in the age, sex and nation distribution between HCC patients and controls (P>0.05). However, 4 risk factors 
Distribution of genotypes and risk of HCC
The allele and genotype distributions of the six SNPs in this study and their associations with HCC risk are presented at Table 2 . The distribution of all the SNPs' genotypes in the controls obeyed Hardy-Weinberg equilibrium (HWE) (P> 0.05). The chi-square test also showed distribution of all the SNPs' genotypes in the cases and the controls had no statistic difference (P>0.05). Following adjust the nation, gender, age, HBV infection, alcohol consumption, smoking, and HCC family history in Logistic regression models, the rs3754093AG (adjusted 
Stratification analysis
The distribution of HCC risk factors including smoking, alcohol consumption, HBV infection, and HCC family history in the cases and the controls had statistic difference. Therefore, we conducted a stratification analysis based on these factors (Table 3  and Supplementary Tables S1-S5 ). As shown in Table 3 , the interaction of rs3754093 and HCC risk factors was assessed for the possible combined effect on HCC risk.
Associations between hEXO1 SNPs and the clinicopathological features of HCC
We evaluated the associations of hEXO1 SNPs with various clinicopathological features of HCC including: tumor size, tumor number, TNM staging (tumor-nodemetastasis staging, a cancer staging notation system that describes the stage of a cancer which originates from a solid tumor with alphanumeric codes), combined with liver cirrhosis, AFP level, and tumor metastasis (Table 4~9 ). The G allele (AG/GG genotype) of rs3754093 was associated with non-tumor metastasis (adjusted OR: 1.535, 95% CI: 1.023-2.538, P<0.05). However, other 5 SNPs of hEXO1 were not significantly associated with any of the clinicopathological features. Because tumor metastasis is directly related to the prognosis of HCC patients, we performed a univariate survival analysis shown in Figure  1 . In accordance with above results, HCC patients with allele G (AG/GG genotype) had a significantly increased risk for death than patients without allele G (AA genotype) (HR= 1.493, 95% CI = 1.102-2.024, P=0.01) (Figure 1 ).
Gene-environment interaction and SNP-SNP interaction
As shown in Table 10 , all the SNPs were found to interact with smoking, alcohol consumption, HBV infection in the pathogenesis of HCC. The results of SNP-SNP interaction suggested the interaction between rs3754093 and other 5 SNPs (rs1047840, rs1776148, rs4149867, rs4149963 and rs1776181) was associated with reducing the HCC risk (Table 11) .
DISCUSSION
In this study, we investigated six SNPs of the hEXO1 gene and their association with hereditary susceptibility for HCC in the population of Guangxi, China. Among these six SNPs, we found rs3754093 was significantly associated with a higher susceptibility, and exhibited a protective activity in HCC patients.
hEXO1 is an endonuclease which plays a critical role in both 5′-3′ and 3′-5′ mispair-dependent excision repair to maintain the overall integrity of the MMR protein complex in human MMR system [33, 34] . Alteration of MMR gene can cause cell DNA mismatch repair by increasing cell spontaneous mutation frequency, downregulating tumor suppressor genes and up-regulating oncogenes, eventually leading to the occurrence of tumors [35] . Therefore, hEXO1 gene is an important target gene in association with the risk of various malignancies [23, 25, 36] . Moreover, hEXO1 activates mutations of target genes through cutting DNA of telomere [43] , which is a kind of special protein-DNA structure that exists in eukaryotic cell linear chromosomes [37] and plays an important role in maintaining cell proliferation ability and protecting chromosome integrity [38] . Through its role in these recombinational events, such as repairing of DNA doublestrand breaks and maintaining of telomere stabilization, hEXO1 functions in carcinogenesis of various tumors [18, 26] .
In consistent with its key role in carcinogenesis, hEXO1 rs3754093 showed a protective activity and decreased the risk for death in HCC patients in our study. Furthermore, function prediction showed hEXO1 rs3754093 was a transcription factor binding site (TFBS). Previous reports showed that SNPs on TFBS could alter the affinity between transcription factors and specific DNA sequences, then cause expression alterations of specific genes [39] [40] [41] . That is to say, the polymorphism of rs3754093 could alter the expression level of hEXO1 through changing its binding affinity to transcription factors. And then the expression change of hEXO1 might either alter the procedure of MMR to result in gene mutations [42] , or increase the risk of cancer through telomere cutting to cause genomic instability [13] . This might be the mechanism of association between hEXO1 rs3754093 and HCC. In addition, we did not find the other 5 SNPs associated with HCC pathogenesis, indicating that the 5 SNPs didn't alter expression level of hEXO1.
From gene-environment interaction analysis, we found the six hEXO1 SNPs were associated with such environment factors, smoking, alcohol consumption and HBV infection. These environmental factors are well documented risk factors of HCC and each of them is an independent strong cause of HCC as previous studies showed. Meta-analysis of epidemiologic studies suggested tobacco use was associated with the increasing of HCC risk [43] . Koh also reported that the tobacco use increased the risk of HCC in the Singapore Chinese population [44] . Both alcohol and tobacco are synergistic risk factors for HCC [45] . In addition, the HBV and HCV infection also plays an important role in increasing the risk of HCC [46] , and also is a major factor of HCC risk in Guangxi, China [47] . The chronic HBV infection resulted in the hepatic inflammation reaction, fibrosis, hepatocirrhosis and finally induced liver cancer [46] . We draw a similar conclusion on the effects of these environment factors in development of HCC with previous reports. Moreover, all the six hEXO1 SNPs in the study have interaction effects with some environment factors on HCC risk.
Previous studies have reported the SNP-SNP interaction was significantly associated with the pathological process of breast cancer [48] , colon cancer [49] , oesophageal squamous cell carcinoma [50] and HCC [51] , respectively. We found the interaction between rs3754093 and other SNPs (rs1047840, rs1776148, rs4149867, rs4149963 and rs1776181) was significantly associated with reduced the risk of HCC. These results suggested the SNP-SNP interaction may decrease the HCC risk.
HCC is a serious cancer with a complicated pathogenesis related to lots of genes and environmental factors. However, the mechanism of HCC incidence has not been totally understood. In this study, we found the hEXO1 rs3754093 was a protective factor to reduce the risk of HCC. Moreover, the combined effects of SNP-SNP interactions may decrease the risk of HCC in Guangxi, which has a high incidence of HCC in China. As the association between rs3754093 and the risk of HCC is only an epidemiological link right now, further function study on the SNP should be conducted to validate the current finding. 
MATERIALS AND METHODS
Study subjects
The cases (n=1,199) were newly diagnosed as HCC patients without chemotherapy and radiotherapy who 
Questionnaire survey and blood sample collection
Questionnaires were designed after consulting experts. Data of questionnaire survey was collected from a structured interview, and conducted by trained interviewers after a pre-investigation, which including the demographic characteristics (name, nation, gender, age), smoking alcohol consumption, hepatitis B virus (HBV) infection and HCC family history. 2 mL peripheral blood sample was collected from each study object. Genome DNA was extracted from the blood samples. All laboratory and questionnaire data were coded, entered by two investigators with a logical and consistency test, and verified using EpiData 3.1 (www.epidata.dk/download. php). Neither the laboratory nor the data entry personnel had any knowledge of the subjects' case-control status.
DNA extraction and genotyping
The blood was collected from the all subjects using an EDTA-K 2 anticoagulant blood vessel. The DNA was extracted according to the phenol-chloroform method and stored at -80°C. The genotyping was performed in an Applied Biosystems 7500 Fast Real-Time quantitative polymerase chain reaction (qPCR) system with the following TaqMan SNP Genotyping Assays kit (Applied Biosystems) according to the manufacturer's instructions. Each PCR reaction mixture (10 μL) contained DNA template (0.4 μL), ddH 2 O (4.35 μL), 2×TaqMan Universal PCR Master Mix (5 μL), and 20× SNP Genotyping Assay Mix (0.25 μL). The genomic DNA was amplified at 95°C for 10 min, followed by 40 cycles of 95°C for 15s and 60°C for 60s. All genotyping reagents and analytical software were purchased from Applied Biosystems. Approximately 5% of the samples were randomly repeated to validate the genotyping procedures, and the concordance rate was 100%. The results of the genotyping were analyzed with 7500 Fast System V1.4.0 SDS software.
Survival analysis
356 HCC patients were brought into a survival analysis cohort. The patients were followed up from July 2007 to May 2016. Survival time was counted the first day after surgery and end up when the patients appeared metastasis and recurrence or death. Survival time was calculated in months. Till the end of follow-up, a total of 31 patients were lost to follow-up, 325 patients with complete follow-up data, follow-up rate was 91.3%.
Statistical analysis
Data entry and consistency check were conducted on the EpiData3.1 software. The SPSS 20.0 software was used for the statistical analyses. Logistic regression models were used to estimate odds ratio (OR) and 95% confidence interval (CI). Gene-environment interactions and gene-gene interactions were performed through 
